Nitric oxide (NO) is a signaling intermediate during glutamatergic neurotransmission in the central nervous system (CNS). NO signaling is in part accomplished through cysteine S-nitrosylation, a posttranslational modification by which NO regulates protein function and signaling. In our investigation of the protein targets and functional impact of S-nitrosylation in the CNS under physiological conditions, we identified 269 S-nitrosocysteine residues in 136 proteins in the wild-type mouse brain. The number of sites was significantly reduced in the brains of mice lacking endothelial nitric oxide synthase (eNOS
INTRODUCTION
Nitric oxide (NO) is an important physiological regulator of biological function in multiple tissues. NO-mediated signaling contributes to synaptic transmission and cerebrovascular coupling in the central nervous system (CNS) (1) (2) (3) (4) . The biological effects of NO are primarily achieved through two molecular mechanisms: (i) the activation of soluble guanylate cyclase and downstream guanosine 3′,5′-monophosphate (cGMP)-dependent signaling cascades, and (ii) S-nitrosylation, the posttranslational modification of reduced cysteine residues in proteins to generate S-nitrosocysteine. Protein S-nitrosylation has emerged as a vital mediator of protein function and signaling.
The neuronal isoform of nitric oxide synthase (nNOS) produces NO in the brain. Mice with a genetic deletion of nNOS (nNOS −/− ) demonstrate various phenotypic insufficiencies (5) , including deficits in several forms of memory (6) (7) (8) (9) . Furthermore, these mice have decreased presynaptic/ postsynaptic excitability (10, 11) and synaptic plasticity (12) (13) (14) , effects that may be due to impaired glutamatergic neurotransmission. Additionally, nNOS −/− mice exhibit reduced neurodegeneration after cerebral ischemia, which may be because of reduced glutamate excitotoxicity (15, 16) . Therefore, nNOS-derived NO could affect synaptic activity by regulating glutamate availability. Many of the effects of NO on neurotransmission occur independently of cGMP activation (17) (18) (19) , suggesting another mechanism for NO-dependent regulation of neurotransmission.
Protein S-nitrosylation is an alternative biochemical and molecular pathway by which NO could influence neurotransmission in the CNS (20) . Selective protein S-nitrosylation has been linked to a few postsynaptic processes, including the regulation of NMDA (N-methyl-D-aspartate) receptor and AMPA receptor activity, synaptic targeting of PSD-95, gephyrin clustering at GABAergic [GABA (g-aminobutyric acid)-releasing] synapses, surface expression of AMPA receptors, and D-serine production (21) (22) (23) (24) (25) (26) (27) . However, the biological functions of protein S-nitrosylation in the tripartite glutamatergic synapse remain mostly unknown. Here, we used mass spectrometry (MS)-based proteomic methodologies to identify protein S-nitrosocysteine residues in brain homogenates from wild-type, nNOS −/− , and eNOS −/− (lacking endothelial nitric oxide synthase) mice. When coupled with metabolomic profiling, enzyme activity measurements, and site-directed mutagenesis, the proteomic data indicate that reversible protein S-nitrosylation regulates glutamate uptake, metabolism, conversion to glutamine, and glutamatergic transmission.
RESULTS

Ontological analysis of brain S-nitrosylated proteins
Mass spectrometric analysis of endogenous S-nitrosylated proteins using organomercury-based enrichment approaches (28) (29) (30) Fig. 1A and table S1 ). The reduction in the S-nitrosylation of residues and proteins in nNOS −/− (74%) and eNOS −/− mice (50%) implied that both NOS isoforms contributed substantially to endogenous protein S-nitrosylation ( fig. S1 ). To place these observations in biological context, we performed gene ontology (GO) analysis. First, we constructed a reference mouse brain proteome consisting of 7025 proteins curated from previously published reports (31) (32) (33) (34) and our experimental data. Using this reference proteome as a background, we performed computational analysis using WebGestalt (35) and identified several molecular pathways and cellular processes in which S-nitrosylated proteins were significantly enriched in the wild-type brain ( Fig. 1B and fig. S2 ). The computed ratio of enrichment for the top five pathways was similar between wild-type and eNOS −/− brains but was reduced in nNOS −/− brains (Fig. 1B) . For example, the molecular processes associated with the regulation of neurotransmitter levels showed a 67% reduction in nNOS −/− brains, a finding consistent with previous descriptions of synaptic deficits in the nNOS −/− mice (6) (7) (8) (9) (10) (11) (12) (13) (14) . Within the regulation of neurotransmitter level pathway, we mapped S-nitrosocysteine residues in four proteins: excitatory amino acid transporter 2, glutamate dehydrogenase, mitochondrial aspartate aminotransferase, and glutamine synthetase (Fig. 1C) . The first three proteins were S-nitrosylated in wildtype and eNOS −/− mice, but not in nNOS −/− mice, whereas glutamine synthetase showed reduced S-nitrosylation in nNOS −/− mice as compared to wild-type and eNOS −/− mice ( Fig. 1D and table S1 ). We confirmed the mass spectrometric-based identification of these S-nitrosylated proteins by Western blotting (Fig. 1D ) and quantified the fraction of each protein modified by S-nitrosylation in wild-type brain (Fig. 1E ). These four proteins are major contributors in the glutamate/ glutamine cycle (36) (37) (38) (39) , the biological process responsible for managing the metabolic fate and availability of glutamate in the synapse. Overall, the proteomic and ontological analysis indicates that proteins involved in the glutamate/glutamine cycle are selectively S-nitrosylated by nNOS, implying a role for NO in the regulation of glutamate metabolism.
Regulation of glutamate/ glutamine metabolism by NO
To study the effects of nNOS-derived NO and protein S-nitrosylation on the glutamate/ glutamine cycle, we quantified the fractional isotopic enrichment of glutamate-associated metabolites in acutely isolated hippocampal slices after treatment with [2- 15 N] , and nNOS −/− mice. The three genotypes showed similar total amounts of glutamate, glutamine, aspartate, alanine, and GABA ( Fig. 2A) , indicating a lack of gross metabolic dysfunction. However, the ratio of intracellular glutamine to glutamate was 30% higher in nNOS −/− mice, reflecting potential perturbations in glutamate handling (Fig. 2B) . 15 enrichment for alanine, aspartate, and glutamate ranging between 20 and 30% was significantly decreased in nNOS −/− brain slices relative to the other two genotypes, confirming altered glutamate allocation in nNOS −/− mice (Fig. 2C ). To further explore the influence of nNOSderived NO on the glutamate/glutamine cycle, we performed enzymatic assays for glutamate dehydrogenase, mitochondrial aspartate aminotransferase, and glutamine synthetase in mitochondrial extracts and brain homogenates (Fig. 2D) . The activities of glutamate dehydrogenase and mitochondrial aspartate aminotransferase were significantly increased in nNOS −/− mitochondrial extracts as compared to wildtype and eNOS −/− mice (Fig. 2D) . Transillumination of wild-type mitochondrial extracts with ultraviolet (UV) light, a treatment that effectively eliminates NO from S-nitrosocysteine residues (42, 43) , increased the enzymatic activities of glutamate dehydrogenase and mitochondrial aspartate aminotransferase in wild-type extracts similar to that measured in nNOS −/− extracts (Fig. 2D) . We used selective inhibitors guanosine 5′-triphosphate (GTP) (for glutamate dehydrogenase) and aminooxyacetic acid (AOAA) (for mitochondrial aspartate aminotransferase) to validate the specificity of the assays. Each inhibitor resulted in >95% loss of activity (Fig. 2D ). Relative to wild-type homogenate, glutamine synthetase activity was decreased slightly in nNOS −/− but not in eNOS −/− brain homogenate (Fig.  2D) . UV trans-illumination decreased the activity of glutamine synthetase in wild-type homogenate (Fig. 2D) . The difference in the reduction in glutamine synthetase activity between nNOS −/− mice and wild-type mice exposed to UV light most likely reflects contributions from additional NOS isoforms to the S-nitrosylation of glutamine synthetase in vivo ( Fig. 1D and  table S1 ). Exposing wild-type homogenate to the glutamine synthetase inhibitor L-methionine sulfoximine (MSO) (44) resulted in a >95% loss of activity (Fig. 2D) . Together, metabolomic profiling and enzymatic activity assays imply that selective nNOS-dependent S-nitrosylation of key proteins in the glutamate/glutamine cycle regulates glutamate metabolism.
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Regulation of intracellular transport of glutamate by the S-nitrosylation of excitatory amino acid transporter 2 Excitatory amino acid transporter 2 (also known as glutamate type I transporter) is the primary transporter responsible for glutamate uptake in astrocytes of the cerebral cortex (45) . Genetic deletion of the transporter results in lethal epileptic seizures in mice and eventually leads to limited postnatal viability (46, 47) . Because of its importance in physiological synaptic function (48) , as well as its identification in the brain S-nitrosocysteine proteome, we explored the functional consequences of the S-nitrosylation of excitatory amino acid transporter 2 in mouse brain synaptosomal preparations, as well as in a cell model. We quantified sodium (Na , and eNOS −/− forebrain in the presence or the absence of dihydrokainate (DHK), which inhibits excitatory amino acid transporter 2 (49). The resulting difference in uptake activity between the two treatments (DHKsensitive) is the glutamate uptake mediated by excitatory amino acid transporter 2. Synaptosomal DHK-sensitive glutamate uptake was increased in nNOS −/− synaptosomes as compared to wild-type synaptosomes (Fig. 3A) . Elimination of NO from S-nitrosocysteine residues by pretreatment of wildtype synaptosomes with copper plus ascorbate (50) increased DHK-sensitive glutamate uptake, indicating a functional regulatory role for S-nitrosylation. On the other hand, DHK-insensitive Na + -dependent glutamate was similar in synaptosomes prepared from the three genotypes, or in synaptosomes prepared from wild-type mice after treatment with copper and ascorbate, suggesting that excitatory amino acid transporter 2-independent uptake was unaffected by the altered concentrations of NO or the elimination of S-nitrosylation ( fig. S4A ). We further explored the functional effect of S-nitrosylation in human embryonic kidney (HEK)-293T cells that were transiently transfected with plasmids expressing either the wild-type rat transporter or a double point mutant (C373S/C562S) of the two in vivo (C) Genotypic differences in steady-state glutamine/glutamate metabolism. 15 N enrichment of glutamine/ glutamate and associated metabolites was determined using GC-MS as in (41), and presented as 15 N molar percent excess (MPE) of M+1 isotopomer. *P < 0.05 compared to WT by one-way ANOVA with Tukey post hoc analysis between genotypes (n = 3 mice per genotype). (D) Enzymatic activity of glutamate/glutamine effectors. Bars represent mean ± SEM (n = 3 mice per genotype) and indicate enzymatic activity relative to that measured in untreated extracts from WT mice. Activities in untreated WT extracts: GS = 1259 ± 94 nmol/mg per hour, GDH = 120 ± 15 nmol/mg per minute, mAspAT = 238 ± 12 nmol/mg per minute. WT + UV denotes extracts exposed to UV trans-illumination before assessing enzymatic activity. WT + inhibitor denotes extracts pretreated with specific enzymatic inhibitors (GS = 0.5 mM MSO, GDH = 20 mM GTP, mAspAT = 1 mM AOAA). N.D., not detectable. *P < 0.05, **P < 0.01, ***P < 0.001 as compared to WT by one-way ANOVA with Tukey post hoc analysis.
S-nitrosylated cysteine residues. The cysteine residue at position 562 in the rat sequence corresponds to cysteine 561 in the mouse sequence because the rat homolog of excitatory amino acid transporter 2 is one amino acid longer than the mouse protein. To induce protein S-nitrosylation, we treated cells with a nonphysiological concentration of S-nitrosocysteine, which is taken up through the L-amino acid transport system. S-nitrosocysteine is an S-nitrosylating agent that can transfer an NO equivalent to reduced cysteine residues in proteins (51) . As a control, cells were treated with the same concentration of cysteine. Treatment of cells with S-nitrosocysteine resulted in S-nitrosylation of the wild-type transporter (Fig. 3B ), which correlated with decreased glutamate uptake (Fig. 3C) . The C373S/C562S transporter was not S-nitrosylated in S-nitrosocysteine-treated cells (Fig. 3B) , and its after Cys/CysNO treatment. *P < 0.05, **P < 0.01 as determined by ANOVA with Bonferroni post hoc analysis. (H and I) S-nitrosylation of WT GLT1 was reversible (H) and correlated with a recovery in glutamate uptake (I). WT GLT1 cells were exposed to Cys (CTRL) or CysNO, then to fresh medium. Glutamate uptake and S-nitrosylation of GLT1 were assessed after CysNO exposure. *P < 0.05 after one-way ANOVA followed by Bonferroni post hoc analysis. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
activity was similar to that of wild-type transporter and was unaffected by S-nitrosocysteine treatment (Fig. 3C) . Mutation of one cysteine residue (either 373 or 562) to serine resulted in transporter activity sensitive to S-nitrosocysteine treatment, indicating that the modification of either cysteine residues is sufficient for S-nitrosylation-mediated inhibition of glutamate transport ( fig. S4B ). Relative to L-cysteine treatment, exposure of cells to S-nitrosocysteine did not alter the protein abundance of the wild-type or the C373S/C562S mutant transporter (Fig. 3, D to F) , but decreased the surface abundance of both transporters by 20 to 25% (Fig. 3G) . Kinetic analysis of glutamate uptake mediated by excitatory amino acid transporter 2 ( fig. S4C ) revealed an 81% decrease in the K m (Michaelis constant) of the wild-type transporter after S-nitrosocysteine treatment and an 84% decrease in V max . Removal of S-nitrosocysteine from the medium led to a gradual decrease in the S-nitrosylation of wild-type transporter that correlated with a recovery in glutamate uptake activity (Fig. 3, H and I) . Overall, these data suggest that specific and reversible S-nitrosylation of excitatory amino acid transporter 2 at Cys 373 and Cys 562 regulates the activity of the transporter.
Molecular modeling of the effects of S-nitrosylation
We used the crystal structure of mouse mitochondrial aspartate aminotransferase [Protein Data Bank (PDB) 3PD6], human glutamate dehydrogenase (PDB 1L1F), and human glutamine synthetase (PDB 2QC8) as templates and generated protein structures with the specific S-nitrosylated cysteine residues. Electrostatic potentials and partial atomic charges were calculated for S-nitrosylated and unmodified cysteine residues. All three proteins are large multimeric enzymes in which pairs of equivalent modifiable cysteine residues from different monomers are arranged with their side chains in an antiparallel fashion across from each other. In mitochondrial aspartate aminotransferase, each cysteine residue at position 106 between chains A and B and C and D are 26 Å apart. In glutamate dehydrogenase, each cysteine residue at position 112 between chains A and E, B and E, and C and F is 20 Å apart, whereas cysteine residues 99 and 183 in glutamine synthetase between the side chains are about 23 Å apart. S-nitrosylation of the cysteine residue makes the side chain significantly more polar, increasing the dipole moment from 1.7 to 5.4 D. This increase in polarity results in an augmented electrostatic potential which, because of the antiparallel dipole arrangement and the effective propagation of electrostatic potentials inside large proteins (52-61), produces a repulsive electrostatic "wedge" between subunits ( fig. S5 ). This wedge could drive changes in the quaternary structure and provide a plausible allosteric mechanism by which S-nitrosylation of cysteine residues distant from substrate and cofactor binding sites modulates enzyme activity.
DISCUSSION
S-nitrosylation of cysteine residues represents an alternative signaling mechanism through which NO can expand the functional diversity and biological use of proteins. We applied a combination of chemical enrichment and mass spectrometric technologies to specifically map endogenous sites of S-nitrosylation in wild-type, nNOS −/− , and eNOS −/− mouse forebrain. In wild-type brain, 45 sites of S-nitrosylation in 44 proteins identified by our method have been previously reported with various biochemical and proteomic approaches. The current study contributed 225 additional S-nitrosylation sites as well as 92 additional protein targets, expanding the known endogenous S-nitrosylated proteins in the mouse brain. As with any enrichment method, the identification of the endogenous sites of S-nitrosylation is limited by the relative abundance and biological stability of S-nitrosocysteine. Despite these limitations, interrogation of the proteomic data coupled with biochemical approaches provided evidence that protein S-nitrosylation participates in the coordination of glutamate metabolism and neurotransmission. Specifically, four proteins that regulate glutamate uptake, metabolism, and conversion to glutamine are functionally regulated by S-nitrosylation.
Glutamate uptake through excitatory amino acid transporter 2, the major astrocytic transporter of glutamate in the CNS, was reversibly inhibited by S-nitrosylation at Cys 373 and Cys
562
. Irreversible alkylation of Cys 373 inhibits transporter activity (62) , whereas the functional role of Cys 562 in the rat or Cys 561 in the mouse has not been studied. Because permissive mutation of these two cysteine residues to serine did not alter the activity of excitatory amino acid transporter 2, these data suggest that both cysteine residues are not critical for function but that posttranslational modifications at these residues are important for functional regulation. We speculate that the transient inhibition of the transporter may allow for an extended period of increased glutamate concentration within the synaptic cleft, promoting neurotransmission and synaptic strengthening. The absence of nNOSdependent S-nitrosylation of excitatory amino acid transporter 2 may prevent nNOS −/− mice from achieving this regulation and thereby contribute to their phenotype of dysregulated glutamatergic transmission, synaptic plasticity, and memory (6) (7) (8) (9) (10) (11) (12) (13) (14) .
Metabolic studies have indicated that once in astrocytes, a fraction of glutamate (estimates vary from 50 to 70%) is converted to glutamine by glutamine synthetase (63, 64) . The remaining glutamate in astrocytes is oxidized by glutamate dehydrogenase and mitochondrial aspartate aminotransferase to a-ketoglutarate, which can then enter the tricarboxylic acid (TCA) cycle (65, 66) . The metabolic demands placed on astrocytes and neurons may determine the fraction of glutamate that is oxidized in the TCA cycle. Our data indicate that S-nitrosylation inhibited glutamate oxidation by glutamate dehydrogenase and mitochondrial aspartate aminotransferase, and promoted conversion to glutamine by glutamine synthetase (Fig. 2D) . Moreover, the absence of S-nitrosylation of these enzymes in nNOS −/− mice resulted in a higher ratio of glutamine to glutamate, consistent with increased glutamate oxidation (Fig. 2, B and C) . The lower fraction of glutamate converted to glutamine may contribute to the phenotype of the nNOS −/− mice. Although there are disagreements on the fraction of the re-cycled glutamate that participates in neurotransmission, genetic ablation of enzymes in the glutamate/glutamine cycle underscores the importance of maintaining this cycle in the CNS (67) . Specifically, glutamine synthetase haploinsufficiency leads to increased seizure susceptibility in vivo (68) , with complete deletion of the gene associated with decreased cortical glutamine and severely limited postnatal viability (69) . Glutamate dehydrogenase deletion in vivo leads to increased glutamine concentrations in the brain (70) , whereas overexpression of the enzyme leads to decreased synaptic plasticity and age-dependent loss of synaptic and dendritic architecture (71) . During periods of increased synaptic activity, the effect of S-nitrosylation on the reallocation of glutamate from oxidation to regeneration of glutamine (and subsequent glutamate) provides an explanation for how sustained neurotransmission may be achieved in wild-type mice but not in nNOS −/− mice. The S-nitrosylation-induced alteration in glutamate metabolism could also explain why nNOS −/− mice are protected from cerebral ischemia (15) . Our data suggest that neurons in the nNOS −/− brain would avidly oxidize glutamate and consequently exhibit attenuation of the ischemiainduced increase in intra-synaptic glutamate (15-17, 72) while providing adenosine 5′-triphosphate (ATP) for metabolic processes. The partial loss of glutamine synthetase activity in nNOS −/− brain would hinder glutamate conversion to glutamine (an important mechanism of glutamate disposal) but would also spare limited reserves of ATP during an ischemic episode, because the glutamine synthetase pathway normally consumes considerable energy (73) . Collectively, S-nitrosylation of these proteins may provide a regulatory switch between glutamate oxidation and glutamine generation to support synaptic maintenance and glutamatergic neurotransmission.
Finally, it is interesting to note that of the 136 proteins identified as targets of S-nitrosylation in the wild-type mouse brain, 23 have been identified as part of macromolecular complexes implicated in glutamate metabolism at synapses (74) . The association of glutamate uptake and mitochondrial mobility (75) , the functional interaction between glutamate dehydrogenase-mediated glutamate oxidation and excitatory amino acid transporter 2-mediated glutamate uptake (76) , and the data presented in Figs. 2 and 3 indicate that selective protein S-nitrosylation may function as a synapse-specific gatekeeper of glutamate fate during neurotransmission.
MATERIALS AND METHODS
Chemicals and reagents
Chemicals were purchased from Sigma-Aldrich unless otherwise indicated. Rabbit polyclonal antibody against excitatory amino acid transporter 2 was a gift from J. Rothstein (Johns Hopkins University School of Medicine, Baltimore, MD). Goat polyclonal antibodies against mitochondrial aspartate aminotransferase and glutamate dehydrogenase were purchased from Abcam. Mouse monoclonal antibody against glutamine synthetase was purchased from Millipore. L- [3, H] glutamic acid was purchased from Perkin-Elmer. Affi-Gel 10 was purchased from Bio-Rad. EZ-Link Sulfo-NHS-Biotin and UltraLink Monomeric Avidin beads were purchased from Pierce.
Animals
All procedures were performed in strict accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Children's Hospital of Philadelphia Animal Care and Use Committee. Male mice between 10 and 12 weeks old were used for proteomic studies, enzymatic assays, and synaptosomal uptake, whereas those between 8 and 10 weeks old were used for 15 N stable isotopic profiling. Wild-type C57BL/6J (#000664), Nos1 tm1Unc C57BL/6J (nNOS −/− : #002986), and Nos3 tm1Unc C57BL/6J (eNOS −/− : #002684) mice were obtained from Jackson Laboratories. For experiments, except those involving isotopic profiling, mice were anesthetized by CO 2 and perfused through the left ventricle with ice-cold phosphate-buffered saline (PBS). Intact organs were collected, immediately frozen in liquid nitrogen, and stored at −80°C until use.
Identification of protein S-nitrosocysteine sites
A detailed experimental procedure for the preparation and activation of columns, as well homogenate preparation for reaction with organic mercury resin, has been previously published (30) . Six biological replicates from each genotype were analyzed. Each sample had a corresponding UVpretreated negative control analyzed under identical conditions. The number of peptides identified in both untreated and UV-pretreated homogenates was used to calculate the false identification rate (FIR). The FIR was calculated independently for each biological replicate, and the average value is reported. Overall, the FIR across the six biological replicates was 5.2 ± 0.7%, which is within the range of FIR reported for site-specific identification of other posttranslational modifications using enrichment approaches (77, 78) . Columns were initially washed with 50 bed volumes of 50 mM tris-HCl (pH 7.4), containing 0.3 M NaCl, 0.5% SDS, followed by 50 bed volumes of the same buffer containing 0.05% SDS. Columns were then washed with 50 bed volumes of 50 mM tris-HCl pH 7.4, containing 0.3 M NaCl, 1% Triton X-100, 1 M urea. This was followed by 50 bed volumes of the same buffer containing 0.1% Triton X-100, 0.1 M urea. Finally, columns were washed with 200 bed volumes of water before proteins were eluted with 10 ml of 50 mM b-mercaptoethanol in water. Samples were concentrated and resolved by one-dimensional SDS-polyacrylamide gel electrophoresis (SDS-PAGE), followed by either Western blot analysis or in-gel trypsinization and subsequent liquid chromatography-tandem MS (LC-MS/MS) analysis (28) (29) (30) 79) .
For quantification of S-nitrosylated glutamate transporter type I, glutamate dehydrogenase, mitochondrial aspartate aminotransferase, and glutamine synthetase from wild-type mouse brain, the same protein capture protocol described above was followed. Equivalent fractions of the eluted bound proteins, representing the S-nitrosylated fraction, 30 mg of input homogenate (total protein), and different dilutions of recombinant standard proteins, were resolved by one-dimensional SDS-PAGE and transferred to Immobilon-FL PVDF (polyvinylidene fluoride) membranes (Millipore). After probing with appropriate antibodies, blots were scanned by the Odyssey Infrared Imaging System (LI-COR).
To identify sites of S-nitrosocysteines, columns were washed with 10 bed volumes of 0.1 M ammonium bicarbonate after the final wash with water in the previously described method. Bound proteins were subjected to digestion by the addition of Trypsin Gold (1 mg/ml) (Promega) in one bed volume of 0.1 M ammonium bicarbonate in the dark for 16 hours at room temperature. The resin was next washed with 40 bed volumes of 1 M ammonium bicarbonate, pH 7.4, containing 300 mM NaCl, followed by 40 volumes of the same buffer without NaCl. Columns were then washed with 40 volumes of 0.1 M ammonium bicarbonate followed by 200 volumes of deionized water. Performic acid was synthesized by reacting 1% formic acid and 0.5% hydrogen peroxide for at least 60 min at room temperature (with rocking) in a glass vial shielded from light. To elute bound peptides, the resin was incubated with one bed volume of performic acid in water for 30 min at room temperature (28) (29) (30) . Eluted peptides were recovered by washing the resin with one bed volume of deionized water. Eluates were stored at −80°C overnight followed by lyophilization and resuspension into 300 ml of 0.1% formic acid. Peptide suspensions were transferred to lowretention tubes (Axygen), and the volume was reduced to 30 ml by speed vacuum. Twenty microliters of peptide suspension was transferred to an HPLC vial and submitted for LC-MS/MS analysis. The details for MS/ MS analysis have been provided previously (28) (29) (30) 79) . Post-MS analysis to generate the S-nitrosocysteine proteomes (table S1) was performed as described previously (28) (29) (30) . The peptides that are reported for the wild-type mice have been identified in at least three biological replicates.
GO analysis
Proteins in table S1 were mapped to UniProt IDs, and only reviewed, nonfragment proteins were retained in the final proteome. A mouse brain reference brain proteome consisting of 7025 proteins was generated from the literature (31-34) and our experimental data. For GO analysis, the R score was calculated by WebGestalt (35) as the ratio (O:E) of the observed number (O) of proteins with a specific GO annotation in the S-nitrosocysteine proteome versus the number of annotated proteins expected (E) to be in the S-nitrosocysteine proteome. E is derived from the number of proteins annotated as part of a specific molecular pathway in the whole-brain proteome normalized to the number of total proteins in the whole-brain protein proteome (and multiplied by the total number of S-nitrosylated proteins). Significant enrichment was evaluated at an adjusted cutoff of 0.01, with the top 10 enriched pathways considered for further analysis.
Glutamate/glutamine metabolism studies
For isotopic profiling studies, three mice per genotype were analyzed. Each day, samples from one mouse per genotype were prepared and analyzed. Animals were anesthetized with isoflurane and decapitated. The brain was then rapidly removed, and coronal hippocampal slices (400 mm) were cut with a vibratome (Vibratome 1000 Plus, Vibratome) in an ice-cold artificial cerebrospinal fluid (ACSF) solution of the following composition: 202 mM sucrose, 3 mM KCl, 1.25 mM NaH 2 PO 4 , 26 mM NaHCO 3 , 10 mM glucose, 1 mM MgCl 2 , 2 mM CaCl 2 , pH 7.2 to 7.4 (when saturated with 95% O 2 -5% CO 2 ). Slices were then equilibrated for 2 hours at 34°C in ACSF containing 130 mM NaCl instead of sucrose. After equilibration, hippocampal slices were transferred into cell culture inserts and incubated in a 24-well plate for 45 min at 34°C in 1 ml of depolarizing artificial cerebrospinal fluid containing the following: 130 mM NaCl, 3 mM KCl, 1.25 mM NaH 2 PO 4 , 26 mM NaHCO 3 , 10 mM glucose, 2 mM CaCl 2 , 1 mM [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] N] L-glutamine, and 0.3 mM NH 4 Cl. Medium was then collected from each sample and frozen at −80°C, and slices were washed with 2 ml of chilled Dulbecco's PBS (DPBS). Slices were homogenized in 4% perchloric acid and subjected to two freeze/thaw cycles, with a subsequent centrifugation step at 10,000g for 15 min. Supernatant was collected from each slice, which contained the metabolites of interest, and protein pellets were separately resuspended in 1 M NaOH. Protein content per slice was determined using the Bio-Rad Protein Assay. Supernatant from each sample was neutralized with KOH and used for metabolite determination and measurement of 15 N enrichment by GC-MS (40, 41) .
Enzymatic assays
For enzymatic activities, three mice per genotype were analyzed. Each day, three mice (one mouse per genotype) were analyzed. Enzymatic activities were quantified in triplicates with technical reproducibility greater than 90%. Afterward, the average raw values were normalized to those of untreated wild-type homogenate analyzed the same day.
For glutamine synthetase activity, frozen tissues from mouse brain cortex were processed as described previously (80) with minor modifications. Briefly, cortices were homogenized in five volumes of 0.1 M imidazole (pH 7.2) using an ULTRA-TURRAX homogenizer. Homogenates were centrifuged at 10,000g for 10 min at 4°C, and the clarified supernatant was used for assessing glutamine synthetase activity (with protein concentration determined using the Bio-Rad Protein Assay). For UV light exposure to eliminate NO from S-nitrosocysteine, part of each sample from wild-type mice was trans-illuminated by UV light while on ice for 3 min. Activity was determined in triplicate using 90 mg of clarified homogenate in a total volume of 70 ml of reaction buffer [1 mM L-glutamate, 20 mM ATP, 40 mM MgCl 2 , 0.1 M hydroxylamine, 0.1 M imidazole (pH 7.2)] after incubation for 20 min at 37°C. The reaction was stopped by the addition of 190 ml of 0.37 M FeCl 3 in 0.67 M HCl/0.2 M TCA, and samples were incubated on ice for 5 min. Sample mixtures were then centrifuged at 4°C for 5 min at 10,000g, and the absorbance of the resulting supernatant was measured at 535 nm and compared to a standard curve of authentic L-glutamylhydroxamate. Glutamine synthetase activity was expressed as nanomole of L-glutamylhydroxamate per milligram of protein per hour. Enzymatic specificity of the assay was determined using 0.5 mM MSO as a selective glutamine synthetase inhibitor.
For glutamate dehydrogenase activity, frozen forebrain was processed using the Mitochondrial Isolation Kit from Sigma-Aldrich. The final mitochondrial pellet was resuspended in mitochondrial resuspension buffer containing 0.32 M sucrose, 10 mM tris-HCI (pH 7.4), 0.5 mM EDTA, 0.1% Triton X-100, and protein concentration was determined using the Bio-Rad Protein Assay. Glutamate dehydrogenase activity was determined as described previously (81) . Briefly, activity in the direction of oxidative deamination was assayed in a UV/Visible spectrophotometer (HP 8452A, GMI Inc.) at 25°C using 15 mg of mitochondrial protein in a final volume of 200 ml of assay buffer [150 mM KCl, 0.1 mM rotenone, 20 mM trisHCl (pH 7.6), 2 mM EGTA, 1 mM NAD + (nicotinamide adenine dinucleotide), 2.5 mM glutamate]. The velocity of each reaction was calculated from the linear portion of the change in NADH (reduced form of NAD + ) absorbance measured at 340 nm. Enzymatic specificity of the assay was determined using 20 mM GTP as a selective glutamate dehydrogenase inhibitor.
For mitochondrial aspartate aminotransferase activity, mitochondrial extracts were prepared exactly as described for glutamate dehydrogenase activity. Enzymatic activity was determined as described previously (82), with minor modifications. Briefly, activity in the direction of a-ketoglutarate production was assayed spectrophotometrically using 15 mg of mitochondrial protein in a final volume of 200 ml of assay buffer [0.02% BSA (bovine serum albumin), 0.1 mM rotenone, 100 mM ADP (adenosine 5′-diphosphate), 30 mM NH 4 Cl, 120 mM NADPH (reduced form of NADP + ), 5 mM Glu, 2.5 mM oxaloacetic acid, and 15 mg of purified bovine glutamate dehydrogenase]. The decrease in NADPH absorbance at 340 nm at room temperature was followed over 15 min and used to calculate the velocity of mitochondrial aspartate aminotransferase activity. Enzymatic specificity of the assay was determined using 1 mM AOAA as a selective inhibitor of mitochondrial aspartate aminotransferase.
For synaptosomal glutamate uptake, crude synaptosomes were prepared from forebrain as previously described (49, 83) with minor modifications. Briefly, animals between 10 and 12 weeks of age were anesthetized with isoflurane and decapitated. Forebrains from wild-type, nNOS −/− , and eNOS −/− mice were dissected and homogenized on ice in 20 volumes of sucrose buffer [0.32 M sucrose, 0.1 mM DTPA (diethylenetriamine pentaacetic acid), pH 5.3] while protected from light. Homogenates were centrifuged at 800g for 10 min at 4°C, and the supernatants were isolated for further processing. Samples from wild-type mice homogenized in sucrose buffer without DTPAwere also pretreated at 4°C with 50 mM CuSO 4 /500 mM ascorbate for 30 min in the dark to remove NO from S-nitrosocysteine. All samples were then centrifuged at 20,000g for 20 min at 4°C, and the pellets were resuspended in 0.32 M sucrose, 0.1 mM DTPA (pH 5.3). Samples were then centrifuged a final time at 20,000g for 20 min at 4°C, with pellets finally resuspended in 0.32 M sucrose (pH 5.3). Sodium-dependent transport of L-3 [H]glutamate was then measured as described previously (49, 83) in the presence or absence of 0.3 mM DHK to determine DHK-sensitive glutamate uptake (as a measure of excitatory amino acid transporter 2 activity).
Plasmid constructs
Plasmid expressing rat excitatory amino acid transporter 2 was obtained from B. Kanner (Hebrew University, Hadassah Medical School, Jerusalem, Israel). The QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent Technologies) was used to introduce single amino acid mutations in the transporter as follows. Cysteine-to-serine mutations were introduced using the forward/reverse primer pairs: for Cys 373 , 5′-TTGCCTG-TCACCTTCCGTAGCTTGGAAGATAATC-3′ and 5′-GATTA-TCTTCCAAGCTACGGAAGGTGACAGGCAA-3′; and for Cys 562 , 5′-ATGGAAAGTCAGCTGACAGCAGTGTTGAGGAAGAA-3′ and 5′-TTCTTCCTCAACACTGCTGTCAGCTGACTTTCCAT-3′, resulting in the C373S/C562S construct. All plasmid constructs were verified by sequencing before use.
Cell culture, transfection, and CysNO treatment HEK-293T cells were grown in Dulbecco's modified Eagle's medium (DMEM) with GlutaMAX from Life Technologies containing 10% fetal bovine serum, penicillin (100 U/ml), and streptomycin (100 ng/ml), at 37°C in air with 5% CO 2 . Cells were plated at a density of 1.25 × 10 5 cells/cm 2 and cultured under normal conditions for 24 hours. Cells were transfected with wild-type excitatory amino acid transporter 2 or the double mutant (C373S/C562S) transporter using the Clontech CalPhos transfection kit according to the manufacturer's protocol. At 18 hours posttransfection, the growth medium was replaced with serum-free DMEM and equilibrated for 2 hours at 37°C. Afterward, freshly prepared S-nitrosocysteine (CysNO) or cysteine (Cys) was added up to a final concentration of 0.4 mM, and cells were incubated for 2 hours. Cells were extensively washed with PBS and used for measuring glutamate uptake as described previously (84) . Lysates were assayed for protein concentration using the Lowry assay and used to determine excitatory amino acid transporter 2-mediated glutamate uptake initial velocity, described in nanomole per milligram per minute. For cell surface biotinylation studies, cells were processed as described previously (84) . Briefly, after Cys or CysNO treatment, cell monolayers were washed twice with ice-cold DPBS (pH 7.4) containing 0.1 mM CaCl 2 and 1.0 mM MgCl 2 . Cells were then incubated in 2 ml of biotinylation solution [EZ-Link Sulfo-NHS-Biotin (1 mg/ml) in DPBS with 0.1 mM CaCl 2 and 1.0 mM MgCl 2 ] for 30 min at 4°C. The biotinylation solution was then aspirated, and excess biotin was quenched by incubating cells with DPBS containing 100 mM glycine for 30 min at 4°C. Cells were then lysed in 1 ml radioimmunoprecipitation assay buffer with protease inhibitors [leupeptin (1 mg/ml), 250 mM phenylmethanesulfonyl fluoride, aprotinin (1 mg/ml), and 1 mM iodoacetamide]. Lysates were then centrifuged to remove cellular debris, and biotinylated proteins were batch extracted from the supernatant using UltraLink Monomeric Avidin beads. Lithium dodecyl sulfate (LDS) sample buffer was added to fractions containing total cell lysate, biotinylated proteins (cell surface proteins), and nonbiotinylated proteins (intracellular proteins). Each fraction was diluted and loaded such that the sum of immunoreactivity in the nonbiotinylated and biotinylated fractions should equal the immunoreactivity found in the lysate, assuming avidin extraction of biotinylated proteins is 100%. For reversibility studies, uptake was studied in cells at 0, 60, 120, and 240 min after the removal of CysNO. Additionally, lysates from each treatment condition were processed in parallel, as previously described (28) (29) (30) , for S-nitrosoprotein enrichment and subsequent Western blot detection of S-nitrosylated excitatory amino acid transporter 2.
Molecular modeling of the effects of S-nitrosylation
The 2.4-Å resolution crystal structure of mitochondrial aspartate aminotransferase was taken from PDB 3PD6 (53). The 2.7-Å resolution crystal structure of human glutamate dehydrogenase was taken from PDB 1L1F (54) . The 2.6-Å resolution crystal structure of human glutamine synthetase was taken from PDB 2QC8 (55) . Structures of mitochondrial aspartate aminotransferase with S-nitrosyl-modified cysteine (SNC) at positions 106 and 295, glutamate dehydrogenase with SNC at position 59 (equivalent to position 112 in the mouse sequence), and glutamate synthetase with SNC at positions 99, 183, 269, and 346 were built using Visual Molecular Dynamics (VMD) and a custom SNC residue template (56) . Electrostatic potentials from the cysteine or SNC residues were calculated using the finite difference Poisson-Boltzmann method as described previously (57, 58) . The solvent was assigned a dielectric of 78.6 and an ionic strength of 145 mM. The protein was assigned a dielectric of 2. Partial atomic charges for the unmodified cysteine residue were taken from the CHARMM27 molecular mechanics force field (59) . Atomic charges for SNC were obtained from electronegativity neutralization using the program QEQUIL (60), giving +0.35 (C b H 2 ), −0.17 (S g ), +0.06 (N d ), and −0.24 (O e ), in atomic charge units. Structures and potentials were visualized using PyMol (61) .
Statistical analysis
Data were analyzed with GraphPad Prism 5.0d software. All normally distributed data were displayed as means ± SE. Groups were analyzed by one-or two-way ANOVA, with appropriate post hoc tests.
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